Introduction
Respiratory multiplex platforms and assays significantly improve treatment of respiratory infections and reduce associated complications [1] . There are four major FDA-approved respiratory multiplex assays: Luminex NxTAG Respiratory Pathogen Panel (RPP), Nanosphere Verigene Respiratory Panel (RP) Flex, BioFire Film Array Respiratory Panel (RP), and eSensor Respiratory Viral Panel (RVP). Because treatment and clinical management of respiratory tract infections (RTIs) depend on the etiological agent, the ability to rapidly characterize respiratory pathogens is extremely important. Multiplex methods are particularly valuable in the case of RTIs, allowing clinicians to simultaneously test for a wide range of possible pathogens, as opposed of relying on numerous individuals tests. Correct diagnosis of RTIs is also critical to antibiotic stewardship, since roughly 1 in 3 antibiotics prescribed are unnecessary and most of these unneeded prescriptions are for respiratory infections [2] . Another challenge is diagnosing RTI's across geographic regions where respiratory disease prevalence may be seasonal or region-specific. A broad spectrum assay screening a variety of targets would identify changes in seasonal trends significantly impacting regional clinical decisions throughout the year. RSV(respiratory syncytial virus) infections, for example, while seasonal, affect different parts of the United States at different times of the year with outbreaks varying within regions and between communities [3] . Multiplex methods also help resolve genotype variation. Recognizing genotypic differences helps in diagnosis by determining the course of clinical treatments. For instance, adamantine-resistant A/H3N2 strains have circulated globally for the past decade and oseltamivir-resistant seasonal A/H1N1 have circulated globally since 2007 [4] . During the 2016-2017 influenza season, the predominant strain was A/H3N2, compared to a year earlier when H1N1pdm09 was prevalent. These trends call to attention of the need to not only identify, but also characterize respiratory pathogens if possible to circumvent ineffective treatments. The benefits of multiplex assays have resulted in an increasing number of hospital and clinical laboratories adopting these methods strictly for clinical use [5] . Multiplex technologies can help aide clinical decisions by simultaneously screening for a variety of respiratory pathogens often detecting specific genetic differences increasing the value of these methods for diagnostic purposes. For example, in children and older adults, influenza and RSV are primary medical burdens that require distinct treatment, thus resolving the cause of infection is critical [6, 7] . For surveillance, limited studies have shown the epidemiological use of these technologies on control and prevention; however, when used, respiratory multiplex assays tremendously benefit public health. For example, despite not being included in the first-generation Luminex xTAG RVP (released in 2008), results could still be used as a rule-out method for 2009 H1N1pdm09 strain [8] . The use of the Luminex xTAG RVP allowed for rapid diagnosis and better surveillance during the outbreak. Similarly, during the 2014 EV-D68 outbreak, both the eSensor RVP and the FilmArray RP were used as reliable diagnostic tests in surveillance algorithms to distinguish between Rhinovirus and Enterovirus-D68 [9, 10] mitigating the further spread of disease.
Multiplexed diagnostic assays have the potential to revolutionize disease surveillance; however, these technologies have not had as great of impact on control and prevention efforts as compared to healthcare utilities because surveillance needs are fundamentally different from clinical diagnostic priorities. Whereas diagnostic assays are used to identify disease etiology and appropriate treatment for infected individuals, disease surveillance is conducted at a population level to identify trends and disease burden. Despite the substantial benefits (e.g. high efficiency, rapid turnaround time, high throughput, screening for a multitude of targets) of multiplexed assays to enhance surveillance efforts, no comprehensive review has assessed how multiplex assays can meet surveillance needs or whether future studies should focus on specific laboratory needs when performing surveillance and outbreak testing. Here, we review the primary barrier to using multiplexed assays for RTIs' surveillance. By focusing on the limitation of current respiratory multiplex assays for surveillance, we are able to highlight alternative methods to evaluate performance of new multiplexed assays to better meet the needs of programs conducting surveillance.
Current FDA-approved multiplexed assays for RTIs
In many clinical laboratories, the use of culture and serology has been greatly reduced (if not altogether replaced) due to the availability of nucleic acid amplification tests (NAATs). NAATs dramatically reduce turnaround time allowing rapid response for control and prevention and for confirming suspect cases in hours instead of days and weeks. NAATs have also shown greater sensitivity (Sen) (defined as the ability of a diagnostic test to correctly identify individuals with disease) and specificity (Spe) (defined as the ability of a diagnostic test to correctly identify individuals without disease) above conventional methods for all public health relevant targets. NAATs are sufficient for making clinical decisions and unlike traditional methods remove subjective interpretation that can differ from one technician to the next. The epidemiological use of NAATs such as RT-PCR allows understanding of possible transmission in a population, but, also important, gives information for defining an appropriate case definition. Despite the widespread use of NAATs, only a few multiplex methods are available that not only detect respiratory pathogens, but are also FDA-approved.
Luminex NxTAG RPP
In 2008, the Luminex Corporation (Austin, Texas) unveiled the xTAG RVPv1, a high complexity high throughput bead-based qualitative PCR assay capable of detecting a variety of respiratory pathogens [11] . The xTAG RVPv1 assay was the first FDAapproved broad respiratory panel and is extensively used in clinics and public health laboratories (PHLs). Utilizing a bead hybridization fluid array, the most current version of the panel is the Luminex NxTAG RPP that can screen 20 total targets from nasopharyngeal specimens (NPS): RSV type A and B, influenza A variants, influenza A H1 and H3, influenza B, parainfluenza 1, 2, 3, and 4, human metapneumovirus (hMPV), adenovirus, rhinovrus/enterovirus, coronavirus type HKU1, NL63, 229E, OC43, human bocavirus, and bacterial targets, C. pneumoniae and M. pneumoniae. Results of up to 96 samples can be obtained in a single working day (3 h post-extraction).
Verigene Nanosphere RP Flex
The Verigene system (now manufactured by Luminex) is a moderate complexity, customizable throughput assay that detects a variety of pathogens not found in other major FDA-approved respiratory multiplex panel such as a Bordetella spp. group. The Verigene platform consists of a reader and a separate processing unit capable of sample-toresults in about 2 h with minimal hands-on time and is fully automated [12] . The most recent panel offered on the Verigene system is the Respiratory Pathogens Flex (RP Flex), which received FDA approval in 2015. The panel screens against both viruses and bacteria highlighting the Bordetella spp. bacterial group. The RP Flex is the first multiplex respiratory test to allow customization by user's reporting preference allowing a 'pay for what you need' option. Five reporting blocks that may be released to users are: Block 1: adenovirus and hMPV; Block 2: influenza A, A/H1, A/H3, and influenza B; Block 3: parainfluenza 1-4 and rhinovirus; Block 4: RSV A and B; and Block 5: B. pertussis, B. holmesii, and B. parapertussis/B. bronchiseptica. While onboard PCR multiplexing is performed for all targets, only those results preselected are paid for and reported. Endemically circulating viruses may be targeted in specific populations while budgeting for targets of interest. For example, Block 1 and Block 4 may be of great interest for laboratories serving senior or pediatric populations as outbreaks in RSV and adenovirus are common in these sub-populations [7, 13, 14] . Additionally, during flu season, Block 2 would give a great profile on circulating influenza viruses. For diagnostic laboratories, surveillance and population-based trend data are highly valued and therefore the flex option would most likely be bypassed in favor of a fixed report for all targets.
GenMark eSensor RVP
GenMark Diagnostics, Inc. (Carlsbad, California) received FDA approval for the eSensor RVP, a high complexity high-throughput assay in 2012 [15] . The assay runs on the GenMark's XT-8 instrument modular system which can integrate from one to three analyzers processing up to eight samples each screening against 14 viral respiratory pathogens. The initial workflow begins with 60 min of prep time followed by a 3.5 h once placed into the system. The respiratory viral panel itself contains several Influenza targets, RSV subtypes, parainfluenza types, and hMPV. Additionally, the panel only reports rhinovirus instead of a combined rhinovirus/enterovirus result; however, cross-reactivity with enterovirus D68 (EV-D68) has been reported [9] . The panel also is the only multiplex panel to specifically detect adenovirus types (B/E and C).
FilmArray RP
The FilmArray RP is an FDA-approved (2011) low-throughput, moderate/low complexity, multiplex nested PCR assay automated from extraction to result [16] . The assay is able to identify and characterize 17 viral as well as three bacterial pathogens manufactured by BioFire Diagnostics (Salt Lake City, Utah). The 17 viral targets include: adenovirus, coronavirus HKU1, NL63, 229E and OC43, hMPV, rhinovrus/enterovirus, influenza A, influenza A subtype H1, H3, and (H1N1)pdm09, influenza B, parainfluenza 1,2,3, and 4, and RSV. The three bacterial targets include: B. pertussis, Chlamydophila pneumoniae, and Mycoplasma pneumoniae. A major benefit of the FilmArray RP is the minimal hands-on operator time (2-4 min/sample). The system includes onboard automated nucleic acid extraction directly from NPS samples. The time-to-result is about 1 h. A drawback of the FilmArray RP system is that only one sample can be processed at a time. Thus, in a single 8-h workday, a total of 6 to 8 samples may be processed. The FilmArray 2.0 System received FDA clearance in early 2015. The updated model could include up to eight modular units sequentially linked to one PC allowing higher throughput. In early 2016, BioFire Diagnostics (now a subsidiary of BioMerieux) received FDA clearance for an expanded instrument system, the FilmArray Torch. The newer platform is comprised of scalable modules that may include up to a 12-module system capable of screening up to~90 samples per 8-h workday. The newer platform follows the same technology and allows the processing of the same RP assay.
Analytical requirement differences of surveillance and clinical diagnosis
The analytical requirements for surveillance of respiratory pathogens differ from those of clinical diagnosis (Table 1 ). In the clinical setting, rapid identification is a top priority so that the appropriate treatments can be identified and delivered. By contrast, for surveillance purposes, identification is also critical but for resolving etiologies of outbreaks, understanding epidemiological trends, and aiding disease control and prevention. Here, we review the testing requirement differences for the three phases (pre-analytical, analytical, and post-analytical) of clinical and surveillance testing.
Pre-analytical and analytical requirements
The primary differences between the pre-analytical testing requirements for disease surveillance and clinical diagnosis begins during specimen collection. Because healthcare facilities only collect specimens from individuals exhibiting RTI symptoms, the likelihood of identifying the source of infection is high [17] . This selective specimen collection by clinical labs minimizes unnecessary testing, which in turn reduces cost and use of medical services. For laboratories performing surveillance-based testing, specimens are collected from both symptomatic and asymptomatic individuals. Comparing the test results for symptomatic and healthy individuals provide an evidence base for epidemiological associations. Critically, active surveillance studies have reported that as many as 44% of viral respiratory infections may go unreported due to lack of symptoms [18] . Thus, monitoring asymptomatic individuals can potentially mitigate further spread of infection by detecting asymptomatic carriers of respiratory disease.
Another difference between clinical and surveillance testing occurs during specimen processing. All four of the current major FDA-approved multiplex assays (FilmArray RP, Nanosphere RP Flex, Luminex NxTAG RVP, and GenMark Periodically, large numbers of samples are screened to determine etiology and origin of outbreak.
Potential to process large number of samples rapidly at minimal cost to support surge testing.
Typically collect specimens from individuals with clinical symptoms, who are more likely to have a high viral or bacterial load.
Per sample cost, low turnaround time and ability to differentiate between viral and bacterial respiratory pathogens (e.g. viruses versus bacterial) more important than sensitivity or specificity.
Because syndromic surveillance is performed for identification of causative agents and possible risk factors, labs often test asymptomatic individuals in addition to symptomatic ones.
Critical that assays are both sensitive and specific.
Likely to have standard specimen type with minimal variation for a given pathogen.
FDA-approval is required for standardization in clinical decision-making; closed assay systems (i.e. not modifiable) are ideal preventing operator error and contamination.
Because remnant samples may be used and collected specimen types may vary, sample matrices are highly variable, which may limit interpretation on FDAapproved assays.
FDA-approval is required for clinical decision-making; however, laboratories tailor and validate assays for new sample types and emerging pathogens depending on need. Post-analytical Treatment and patient care decisions are based on results.
Need to accurately distinguish between pathogens which have similar symptoms but different treatments.
Results used both for individual clinical management and for understanding population-level trends.
Need to accurately distinguish between pathogens which have similar symptoms but different treatments for clinical care AND need phylogenetic information to identify epidemiological trends/identify sources of outbreaks.
eSensor RVP) have received FDA approval for the testing of NPS only. Despite several proof-of-principal studies [19] [20] [21] [22] that have shown comparable diagnostic Sen and Spe when using other samples types (e.g. sputum, bronchoalveolar lavage fluids, bronchial washes, anterior nares swabs, throat swabs, and tracheal aspirates), processing of other specimen types and collection methods requires additional independent studies by the testing laboratory especially if results are used to make a clinical decision. Independent studies include analytical validation studies of lab-developed tests (LDTs) that establish comparable precision, accuracy, reference range, and reportable range. Laboratories are also required to assess additional assay performance characteristics (e.g. analytical specificity and analytical sensitivity and linearity) [23] . For surveillance testing, similar independent studies are required especially when results are reported to healthcare agencies for clinical purposes. However, because surveillance testing is used to establish disease trends and reveal etiology, a variety of sample types are often collected and processed since microbial load is unknown and may be higher in one type than another [24] . To report these results, surveillance labs are also required to perform additional independent validation studies or report results as Research Use Only or Investigational Use Only. The required additional validation of other sample types likely limits the adoption of multiplexed assays for surveillance purpose. Finally, there are differences between the number of samples typically processed for clinical diagnostic and surveillance work. Because effective clinical care depends on rapid turnaround time, clinical labs are more likely to process samples individually or in smaller batches. When identifying the source of an outbreak, rapid results are critical for control and prevention also requiring small batch testing. However, for routine surveillance whose aim is to trend population data, samples can be tested in large batches to minimize costs. However, large batch testing is often not possible for some multiplex assays due to the inherent design by manufacturers. For instance, both the FilmArray RP and the Nanosphere RP Flex can only process one sample at a time, while the Luminex NxTAG RPP and the eSensor RVP can process multiple samples at one time. It should be noted that if needed, both the FilmArray RP and the Nanosphere RP Flex allow for modular expansion to test more than one sample at a time but even then there are limitations to the number of samples that can be processed at one time. Thus, the need for surveillance labs to perform large batch testing has not been met which likely has slowed the adoption of respiratory multiplex assays by surveillance labs.
Post-analytical requirements
There are also differences when considering whether an assay will be used for either clinical diagnosis or surveillance at the post-analytical phase of testing. The original intended use of the major FDA-approved respiratory multiplex assays was to provide rapid results to aide clinical management [11, 15, 16, 25] . As a result, since the commercial release of these assays, studies have mostly reported the post-analytical use of respiratory multiplex results in clinical settings [1, 26] .
However, post-analytical interpretation of results varies depending on how testing results are used. For example, in healthcare settings, results from multiplex testing are used to help manage patient care. However, for surveillance testing, results are used to trend population data, identify the causative agent of an outbreak, and confirm cases. These slight differences are significant and must be resolved.
Validity of performance measures
Differences during the pre-and post-analytical phases of testing help define the critical attributes needed in multiplex assays when used for either clinical testing or surveillance (Table 1) . A major attribute is diagnostic validity, which measures the accuracy and usefulness of an assay [27] . For clinical use, the basic measures to assess diagnostic validity are Sen and Spe. However, despite the universal use of these measures in assessing assay performance, they are not without limitations [28] . While Sen and Spe are summarized population parameters used to confirm the presence or absence of disease, conceptually, Sen and Spe are not appropriate on a caseby-case basis (as disease progression differs from one patient to another). More critically, Sen and Spe are independent of disease prevalence, which changes how an assay may perform [29, 30] . Thus, appropriate clinical decision-making using these population parameters requires more parametric inputs to aid healthcare decisions [31] . The interpretation of Sen and Spe in the clinical area is incomplete requiring more scrutiny and explanation for patient management [32] .
A relatively small number of studies have directly compared the diagnostic performance between the major FDAapproved multiplex respiratory assays currently available. These studies have mostly concluded similar diagnostic performance (Table 2 ) based on comparisons between Sen, Spe, and Cohen's Kappa, κ [33] . Popwitch et al. presented the most complete comparison of more than two FDA-approved multiplex respiratory assays [34] . The study included an analytical comparison of the BioFire FilmArray RP, GenMark eSensor RVP, Luminex xTAGv1, and Luminex RVP FAST using retrospective samples collected in general clinical setting screened by each panel. The eSensor RVP reported the highest Sen (100%) for nearly all targets (rhinovirus/enterovirus, 90.7% the lone exception). Low Sen for adenovirus was a weakness for most assays: FilmArray RP, 57.1%; xTAG RVPv1, 74.3%; xTAG RVP FAST, 82.9%;and eSensor RVP, 100%. Detection of Influenza B was also difficult: xTAG RVP FAST, 45.5%; FilmArray RP, 77.3%; xTAG RVPv1, 95.5%; and eSensor RVP, 100%. When assessing age-specific assay performance, only the eSensor RVP failed to show any statistically significant difference across age groups. The xTAG RVP FAST and FilmArray RP showed higher Sen for adults (≥18) than children (≤5) and teens (<18). Other comparative studies have similarly evaluated diagnostic performance based on Sen and Spe comparing the FDA-approved multiplex respiratory tests to culture, serology, and LDTs. The consensus shows that for all comparable targets, multiplex assays (based on Sen and Spe) are superior to traditional methods and relatively the same across each multiplex assay with few target exceptions (see Table 3 ). DOR is interpreted as the ratio of the odds of a positive test in the presence of disease to the odds of positive test in the absence of disease. The higher the DOR the better discriminatory power of a test [40] . DOR can be calculated as
or equivalently:
DOR differentiates between those in the population with disease and those without disease based on the likelihood of a positive test result or equivalently calculated from the Sen and Spe for a specific assay. As a measure, the DOR shows the overall strength and epidemiological importance of association between test result and disease [40, 41] . For instance, a larger DOR would describe a very strong association and conversely, a low DOR would describe a weaker association. A higher DOR translates to better discriminatory test performance to identify patients with disease [41] . The reported Sen and Spe from the 510(k) FDA approval summary reports of the major FDAapproved respiratory multiplex assays are summarized in Table 3 , along with the DOR for each assay and for all targets available per assay. The DORs for all of the FDA-approved multiplex respiratory assays are high, which dictates that each of these assays has good discriminatory power. The strength of association for each of the assays varies depending on the target (i.e. pathogen of interest). As a result, which assay is the 'best' depends on the target being studied. The eSensor RVP shows greater diagnostic performance than other multiplex assays (i.e. the FilmArray RP and the Luminex NxTAG RPP) when confirming outbreak cases of adenovirus (specifically types B/C and E), common in the United States as recently as 2013 [42] . By contrast, the FilmArray RP performs better than all other comparable assays for all influenza types (A/H1, A/H3, A/H1-2009, and B). The Nanosphere RP Flex performs better than all other comparable assays for Bordetella bacterial targets (i.e. B. pertussis, B. parapertussis/B. bronchiseptica, and B. holmesii). In summary, the best assay among targets that overlap across all assays is the FilmArray RP. However, not all targets overlap as many assays have a variety of respiratory pathogens targeted by the panel, thus the best performing assay needs to be evaluated at a per target basis. ROC curves provide an alternative approach for evaluating diagnostic performance providing epidemiological insight and guidance in differentiating the usefulness of respiratory multiplex assays. ROC curves are simple visualizations that allow comparison of classifiers (i.e. tests) by plotting the True Positive Rate (TRP = Sen) against the False Positive Rate (FPR = 1-Spe) [43] . For RTIs, FPs represent a significant burden to healthcare systems especially if infection is in a vulnerable subpopulation or in individuals where coinfection exacerbate an already existing condition. For surveillance, FPs represent cases of misallocated resources, where efforts are required to treat a nonexisting condition in hopes of mitigating the further spread of disease in subpopulations. If comparing routine clinical care to routine surveillance, FPs are a much greater burden to the healthcare industry, especially if the test is either expensive or if follow-up is invasive or expensive. Within ROC space, a point (FPR, TPR) on the left-hand side denotes a classifier that exhibits better performance over random chance (Figure 1 ). Better performing classifiers are always preferred. The discriminatory line separates 'liberal' and 'conservative' classifiers. Any point in the liberal space represents a classifier that will likely identify all the TP despite a weak signal and at the expense of having a high FPR. Conversely, any point in the conservative space will identify all the TPs in the presence of a strong signal at the expense of a low FPR. During an outbreak from a novel respiratory variant (e.g. influenza, coronavirus [44] ), a high FPR is acceptable especially if we are assured that by identifying all the TPs, appropriate control and prevention could mitigate the spread of infection. Additionally, because milder forms of RTI go unreported [45] and not every respiratory infection is detected (for many reasons) true prevalence and incidence is difficult to estimate. A high FPR respiratory multiplex test could potentially minimize the error of not knowing true prevalence estimates by including false positives in the total number of positives observed. While may not be ideal for correcting true prevalence estimates, a high FPR assay could help in approaching the true burden of disease. Finally, from the ROC space plot analysis, clinical decisions benefit from the use of conservative diagnostic tests; however, for routine surveillance, liberal diagnostic tests would be more effective. Using ROC space provides a valuable method for comparing the major FDA-approved respiratory multiplex assays for either clinical diagnostic and surveillance use. Upon closer inspection of the ROC space plot (Figure 2 ), important similarities and differences arise between the FilmArray RP, Nanosphere RP Flex, Luminex NxTAG RPP, and the eSensor RVP. While all of these assays are better performers than random chance, a slight majority of target calls lie on the conservative side of discrimination suggesting that when considering assays as whole performers, few false positives will be reported as most calls will correctly identify positive infection. Every assay has calls throughout the ROC space suggesting that, despite an overall liberal or conservative classification of any assay, these assays could still be used for either patient care or surveillance. The ROC space plot also reveals that the most conservative multiplex assay is the Luminex NxTAG RPP which suggests the assay would be most beneficial over other assays when used for clinical diagnostic purposes. The most liberal test is the eSensor RVP, which would serve well for those performing surveillance work. From the ROC space plot, we can also make per target assay specific recommendations. The FilmArray RP has the lowest FPR across all targets the FilmArray RP and the Nanosphere RP Flex. Among these two assays, the Nanosphere RP Flex is a near perfect assay by correctly calling positive Bordetella spp. infections. The worst performing targets across all assays were conservative calls for parainfluenza 2 (Luminex NxTAG RPP), parainfluenza 4 (Luminex NxTAG RPP), and B. pertussis (FilmArray RP). The use of ROC plots to assess graphically the diagnostic value for respiratory multiplex assays adds tremendous value where each target could be evaluated independently of other targets and in comparison to the same target across each multiplex assay. Another useful epidemiologic measure often presented in conjunction with ROC curves is the Youden Index (J) [46] . J is a statistical summary measure that (similar to DOR) incorporates both Sen and Spe. J is interpreted as diagnostic test maximum effectiveness representing the optimal cutoff threshold where the maximum difference between TPR and FPR exists [47] . Essentially, J is a point (Sen, 1-Spe) in ROC space that defines where a diagnostic test will be able to correctly identify the most positives and the fewest false positives. J has a value between 0 and 1. J graphically represents the farthest point in ROC space away from random performance. J is expressed as
While J is not dependent on disease prevalence, it does require a dichotomous test result which may not always be applicable depending by target [48] . For instance, characterizing influenza A strains on the FilmArray RP gives one of three results, 'Detected,' 'Not Detected,' and 'Equivocal.' Detection of RSV on the same panel is either 'Detected' or 'Not Detected.' Similarly, the Luminex xTAG RVP provides 'Equivocal' results for some targets but not all [49] . For evaluating respiratory multiplex assays, J provides a simple measure of diagnostic effectiveness. Upon calculating J for each of the respiratory multiplex assays, a heat map (Figure 3) is presented that allows a visual comparison of diagnostic performance that could be used for either patient care or surveillance. The lighter the color, the closer J = 1 which is interpreted as a target that is detected much better on a respective assay. Grey boxes indicate targets not screened in respective assays. The heat map is particularly useful for identifying which assay is best suited to confirm coinfections and respond rapidly in clinical diagnosis and surveillance. For example, RSV and rhinovirus coinfections have been associated with severe pediatric disease [50] . First, the better performing assay to detect rhinovirus is identified (per the heat map, either the Luminex NxTAG RPP or the FilmArray RP). Next, consideration of the need to confirm either RSV or RSV A and RSV B is done. While the FilmArray RP can only confirm RSV, the Luminex NxTAG RPP confirms either RSV A or RSV B. With knowledge that RSV A have been implicated in more severe complications than RSV B, the Luminex NxTAG RPP would be the best suitable assay to confirm coinfections of RSV and rhinovirus. For surveillance, this same method of identifying the best performing assay of coinfection using a similar heat map could be applied to reduce the probability of having a large outbreak [51] .
Collectively, the use of the DOR, ROC space plots, and J allow a unique method for evaluating FDA respiratory multiplex assays for surveillance use. Each measure provides unique information that adds to surveillance strategies for aiding diagnosis and mitigating the spread of disease. The DOR allows control and prevention programs to identify strength and direction of association between test result and presence or absence of disease. ROC space plots allow differentiation between better and worse performing assays on a per target basis. And J is a supplemental measure that is most useful to minimizing the number of false positives and false negatives. From an overall evaluation based on these measures of all FDA-approved multiplex respiratory assays, the BioFire FilmArray RP is the recommended platform for surveillance use against respiratory pathogens. However, when evaluating surveillance of specific targets, such as Bordetella spp or RSV A, the recommended platform for use is the Nanosphere Verigene RP Flex. For surveillance detection of untypeable influenza A, the BioFire FilmArray RP is recommended, and for confirming adenovirus infection, the GenMark eSensor RVP is recommended. Based on ROC space plots, the Luminex NxTAG RVP is most suitable for clinical diagnoses for a majority of targets. These recommendations are based on the current formulations and reported FDA summary reports of each of these assays and would change upon release of newer versions of these same panels.
Validation of surveillance measures
If DORs are correlative to Sen and Spe (i.e. a high Sen or low Spe corresponding to a high DOR or low DOR, respectively), then DORs provide no supportive information and serve no practical need since Sen and Spe could be used as direct proxies. At best, these additional measures would help epidemiologists understand the performance of multiplex assays since odds ratio is a terminology that is well known within the field. However, if the correlation between DORs and Sen and Spe are different enough, then DORs must be treated as essential measures that reveal unique interpretation and use of multiplex assays. When comparing DORs to Sen, the correlation coefficients (R 2 ) for each FDA-approved multiplex assay range from 0.29 to 0.57 suggesting poor correlation despite a positive association overall (Figure 4(a) ). Similarly, when comparing DORs to Spe, the correlation coefficients for each assay range from 0.09 to 0.46 also suggesting very poor positive correlation (Figure 4(b) ). As a standard, when R 2 > 0, a positive correlation exists and any R 2 near 0.95 and 1.0 is considered highly correlative. Despite the overall low positive correlation for each assay, interpretation for how each assay performs by target is different. There are instances when a high DOR highly correlates to a high Sen and conversely a low DOR to a low Sen. The same trend is observed for Spe. However, high correlation is target specific for each assay and the low R 2 suggests that Sen and Spe should not be used as epidemiological measures when assessing how respiratory multiplex assays perform. Overall, DORs are separate and unique measures that add significant epidemiological value in assessing the use of multiplex assays.
Limitations of current multiplexed assays for surveillance of respiratory pathogens
Despite the tremendous potential benefits of respiratory multiplex technologies for surveillance, these assays are not without limitations. One of the important aspects in designing PCR-based assays is primer selection. All of the FDA-approved multiplex respiratory technologies presented contain primer pools and probes corresponding to common respiratory targets. Optimized primers yield reliable qualitative results for all the targets in each individual panel. However, a universal challenge for all manufactures is selecting appropriate genomic target sequences to optimize hybridization and thereby minimizing unwanted nonspecific interactions which could lead to diagnostic errors (i.e. FP and FN). Two targets have challenged manufacturers: adenovirus and rhinovirus/ enterovirus. Early assay releases of the Luminex xTAG RVP and the BioFire FilmArray RP reported poor adenovirus detection and resulted in reduced sensitivity, when presented in clinical and contrived samples [19, 52, 53] . Current versions of the FilmArray RP and the xTAG RVP now include updated primers aligned against the complete coding sequences of all adenovirus serotypes. The updated FilmArray RP panel has shown diagnostic improvement over the previous version [54] . eSensor RVP is the only multiplex assay capable of detecting subgroups B/E and C. For surveillance, assay choice depends on surveillance population needs. The increasing DOR order of the major FDA-approved respiratory multiplex panels as designed are: Nanosphere RP Flex, FilmArray RP, and Luminex NxTAG RPP.
Other problematic targets for respiratory multiplex testing are rhinoviruses and enteroviruses. Due to genetic homology, these pathogens lack resolution when detected on either the Luminex NxTAG RVP or FilmArray RP and as a result, when detected are simply reported as either rhinovirus or rhinovirus/enterovirus without differentiation. The primer similarity of rhinoviruses and enteroviruses increases the risk of crossamplification and interference during multiplex testing. Per the product insert, Nanosphere RP Flex has observed crossreactivity of rhinovirus/enterovirus primers with Human poliovirus 2 and 3, coxsackievirus A24, and EV-D68. When samples are called 'positive' for rhinovirus/enterovirus, laboratories should reflex to either culture or sequencing to further resolve identification. Detecting and follow-up testing for rhinovirus/ enterovirus samples has become an important concern due to a nationwide outbreak of EV-D68 across the United States [55] . Symptoms included hallmark cold symptoms (fever, runny nose, and muscle aches) as well as difficulty breathing. A recent study has since described the association of EV-D68 infection and acute flaccid myelitis (related to acute flaccid paralysis) [56] highlighting the importance of good resolution between rhinovirus and enterovirus for all respiratory multiplex assays. A similar primer cross-reactivity issue is present for coronavirus OC43 and HKU1 viruses in the FilmArray RP assay. Another limitation of respiratory multiplex assays is that precise quantification of infection cannot be determined as all of the assays presented are FDA-approved qualitative test unable to determine viral or bacterial load, which (if available) may be helpful during surveillance in identifying an appropriate case definition.
Additionally, costs of respiratory multiplex testing are a significant limitation that must be justified in both clinical care settings and in surveillance efforts. While the use of respiratory multiplex assays is costlier than traditional methods, not every program can justify the use of these platforms without establishing the cost-benefit to patient-and population-based outcomes. However, the use of respiratory multiplex assays can lead to overall cost savings in all settings. The use of xTAG RVPv1 over a combination of serology and culture resulted in a cost savings of approximately $530,000 for four hospitals screening pediatric patients [57] . The xTAG RVPv1 also improved laboratory efficiency as well as reduce laboratory costs by increasing workflow [58] . Similarly, implementation of the FilmArray RP improved treatment stewardship for influenza A and influenza B, dramatically improving patient care [59] . The relative costs of multiplex respiratory assays have been previously compared and show increasing costs on the order of: FilmArray RP > eSensor RVP > xTAG RVPv1 [34, 59] . The Nanosphere Verigene RP Flex should be considered the most economically feasible FDA-approved respiratory multiplex assay on the market as laboratories are only charged on preselected targets while results of remaining targets are hidden. Additional costs to consider include throughput and turnaround time. Overall, a cost benefit analysis is necessary for every laboratory and program considering implementing a respiratory multiplex test.
Conclusion
The current landscape of respiratory multiplex testing includes a variety of technologies that have revolutionized clinical practice; however, due to specific barriers, these technologies could impact surveillance efforts even more. Despite numerous studies showing real-world application, full adoption of these methods for routine surveillance testing and outbreak response is limited in large part due to how these technologies are evaluated. When compared to culture and serology, all of the FDA-approved assays presented in this report provide equivalent Sen and Spe, measures that have traditionally been markers for diagnostic performance. However, better measures of diagnostic performance such as DORs, ROC space plots, and the Youden Index make assay use and result interpretation clearer and much more effective for surveillance use. These measures allow comparisons on a per-target basis, providing a much more specific use of these technologies for surveillance and allow epidemiological strength of associations and direction to be determined. Additionally, these measures are not restrictive to multiplex respiratory platforms, but could also be critically used for other classes of multiplex assays and panels (e.g. enteric panels, blood culture, meningitis). The next few years will see the evolution of respiratory multiplex technologies in more rapid, more efficient, easier to use (and easier to interpret) panels capable of screening a broader range of pathogens. The challenge bestowed on laboratories is evaluating how these newer technologies can meet public health demand.
Expert commentary
Respiratory multiplex assays have greatly impacted patient care by reducing turnaround time, increasing throughput, and offering greater diagnostic validity over conventional methods. Sen and Spe are highly valued in determining better performing assays for clinical application. However, these same measures have limited use for surveillance since evaluating the impact of multiplex assays on population-based outcomes requires measures that capture epidemiological associations and express the performance of these assays on a population-based level. Measures that express broader epidemiological impact of respiratory multiplex assays would be useful to mitigate disease transmission, help control and prevention efforts, and identify better performing assays in populations. In light of this need, DORs, ROC space plots, and the Youden Index are plausible measures that should be used. These non-traditional evaluation measures establish not only strength and direction of association between test result and presence of disease, but also allow communicable control programs to identify better performing assays in populations, which would greatly aid outbreak response. Further, for manufacturers, these evaluation measures create opportunity to reveal panel targets and panels that perhaps should be reformulated if recommended for surveillance use.
The implication for evaluating multiplex assays for surveillance efforts instead of clinical use reaches beyond respiratory disease. While RTIs are used as a case study in this report, multiplex assays exist for screening a variety of pathogens, such as antibiotic-resistant organisms. KPC-producing carbapenem-resistant Enterobacteriaceae (CRE) has been reported in every state as of December 2017 [60] . Healthcare setting morality rates for CRE infection may be as high as 50% for some groups [61] . Currently, the Vergiene Gram-Negative Blood Culture Test, a multiplex molecular assay, identifies gram-negative bacilli from blood culture and also a variety of resistance mechanisms including KPC, OXA, IMP, and VIM. Also commercially available is the Cepheid Xpert Carba-R, a multiplex assay to identify and differentiate carbapenemase gene families. Performance evaluation of these assays and others for surveillance would distinguish better performing assays from weaker tests greatly aiding epidemiological strategies in curbing the spread of antibiotic resistance and helping lower the burden of disease.
Five-year view
Within five years, while multiplex respiratory assays become more rapid, more comprehensive and more automated, nextgeneration sequencing (NGS) platforms and assays will dominate the diagnostic market for surveillance purposes. NGS technologies are a powerful high-throughput tool capable of a variety of different healthcare and non-healthcare applications [62, 63] . The introduction of NGS has already began a shift in public health practice. As a diagnostic method, multiplex NGS has been shown to confirm viral infections as detected by a PCR-based multiplex assay [64] . Similarly, Graf et al. showed the reliability of metagenomics (a specific NGS-type of analysis) as a comparable method to the eSensor RVP not just in agreement but also in detecting additional pathogens [65] . For surveillance, NGS provides detailed genomic information that aides in identifying resistance, virulence, and sequences changes over time [63, [66] [67] [68] [69] [70] . One of the biggest challenges of applying NGS toward surveillance is the need of FDA regulatory standards and methods. NGS presents a unique regulatory challenge that requires evaluation of not just performance, but also of the big data pipelines used in determining characterization and phylogenetic relationships. However, the benefits of NGS in providing detailed omic information that could significantly improve surveillance greatly outweighs the regulatory and big data challenges.
Key issues
• Advances in multiplex PCR instrument systems have replaced most traditional methods for detecting respiratory pathogens • Limitations of the use of multiplex assays include primer selection and cost.
• Surveillance measures can be used to evaluate a variety of multiplex assays used to confirm and rule-out disease such as antibiotic-resistant organisms.
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